Objective To describe the perspectives of Regenstrief LOINC Mapping Assistant (RELMA) users before and after the deployment of Community Mapping features, characterize the usage of these new features, and analyze the quality of mappings submitted to the community mapping repository. Methods We evaluated Logical Observation Identifiers Names and Codes (LOINC) community members' perceptions about new "wisdom of the crowd" information and how they used the new RELMA features. We conducted a pre-launch survey to capture users' perceptions of the proposed functionality of these new features; monitored how the new features and data available via those features were accessed; conducted a follow-up survey about the use of RELMA with the Community Mapping features; and analyzed community mappings using automated methods to detect potential errors. Results Despite general satisfaction with RELMA, nearly 80% of 155 respondents to our pre-launch survey indicated that having information on how often other users had mapped to a particular LOINC term would be helpful. During the study period, 200 participants logged into the RELMA Community Mapping features an average of 610 times per month and viewed the mapping detail pages a total of 6686 times. Fifty respondents (25%) completed our post-launch survey, and those who accessed the Community Mapping features unanimously indicated that they were useful. Overall, 95.3% of the submitted mappings passed our automated validation checks. Conclusion When information about other institutions' mappings was made available, study participants who accessed it agreed that it was useful and informed their mapping choices. Our findings suggest that a crowd-sourced repository of mappings is valuable to users who are mapping local terms to LOINC terms.
BACKGROUND AND SIGNIFICANCE
The adoption of health information technology is spreading worldwide. [1] [2] [3] [4] The United States federal government passed the Health Information Technology for Economic and Clinical Health (HITECH) Act in 2009 to accelerate health information technology's adoption in this country. Through the Meaningful Use program, HITECH provides financial incentives to physicians and hospitals for implementing electronic health records (EHRs) and using them in ways that are anticipated to improve the quality and efficiency of care. From 2009-2013, the percentage of hospitals and physicians in the United States who had (at least) a basic EHR system increased from 19-59% and 22-48%, respectively. 5 Although patients readily seek care across many settings and institutions, 6 the purview of EHRs usually stops at organizational boundaries. Electronic data sharing across institutions is hampered by the heterogeneous names and formats used to store clinical data. 7, 8 Only by adopting syntactic and semantic data standards can EHRs become interoperable and capable of integrating vast stores of variously formatted clinical data. Aiming to make clinical data available when and where it is needed, the certification criteria for EHRs under HITECH requires the use of common messaging and vocabulary standards.
Logical Observation Identifiers Names and Codes (LOINC V R ) is a universal code system for identifying laboratory and clinical observations. 9 LOINC is designed for use within messaging standards such as Health Level Seven (HL7). When LOINC and HL7 are used together, independent systems can electronically exchange test results with one another in an understandable way. This data exchange formula has been used successfully around the world. At present, LOINC is used in more than 164 countries by many kinds of organizations, including large reference laboratories, healthcare organizations, insurance companies, regional health information networks, and national standards. 10, 11 Over 25 countries, including the United States, have adopted LOINC as a national standard. The Meaningful Use program requires that LOINC be used in messages that report laboratory test results, exchange medical summaries, and send data to cancer registries and public health agencies.
Before healthcare organizations can leverage the value of unified data, they must first map their local test codes to codes in LOINC. Unfortunately, this process is complicated and resource-intensive. [12] [13] [14] The detailed work of mapping requires expert domain knowledge of both the local tests performed and of LOINC. Often, the task is made more difficult because the information available from laboratory test master files lacks the specificity needed for accurate mapping. For example, if a test definition is missing specific information such as specimen type, a unit of measurement, or an example result value, it is impossible to accurately identify the correct LOINC term for that test. Reducing the effort required to accurately map local terms to LOINC would accelerate interoperable health information exchange and would be especially helpful for resource-challenged institutions. 7, 12, 15, 16 Prior studies have evaluated different informatics tools and techniques to assist mapping local laboratory tests to LOINC. [17] [18] [19] [20] [21] [22] Despite their promise, even the best of these approaches still require expert review to validate the computer-generated candidate mappings.
Fidahussein and Vreeman 22 demonstrated that a large corpus of existing mappings could be used to help match local terms from novel institutions with LOINC terms. Encouraged by these results, we sought to create a large shared repository of local terms mapped to LOINC terms. Vreeman et al. 23 described how a relatively small number of tests account for the vast majority of test result data volume. The popular, no-cost Regenstrief LOINC Mapping Assistant (RELMA V R ) program for mapping local terms to LOINC now carries a test frequency rank that can be used to narrow the list of candidate LOINC terms returned by the program. 24 We therefore hypothesized that the number of organizations and local test terms that were mapped to a particular LOINC term would provide another frequency-based statistic that could inform the mapping process. Thus, we sought to build tools to help mappers from other institutions apply this "wisdom of the crowd."
We previously described 25 how we gathered existing sets of mappings from diverse institutions into a shared community repository and enhanced the RELMA mapping program to make use of this information. We programmed RELMA to display counts of local terms that had previously been mapped to a given LOINC term and also enabled users to view the details of those mappings, including local term names and the organizations that create the mappings. If information about existing mappings from other institutions helps people perform new mappings, such tools could improve the effectiveness and efficiency of mapping local vocabularies to standard ones.
In this study, we evaluate the perceptions of LOINC community members about this newly available "wisdom of the crowd" and how they used the new RELMA Community Mapping features. Specifically, the purposes of this study are to describe the perspectives of RELMA users before and after we deployed the Community Mapping features, characterize the usage of these new features, and analyze the quality of the mappings submitted to the Community Mapping repository.
METHODS

Overview of RELMA Community Mapping Features
From 2012-2013 we developed, then implemented a set of enhancements to the RELMA mapping program. We previously described 25 our development methodology in detail. Briefly, we issued a call to the LOINC community in which we asked for voluntary contributions of existing local terms mapped to LOINC terms. Twenty-two organizations from five countries responded to our call and provided 102 484 total local mappings. These mappings were used to seed a shared online repository that we call the LOINC Community Repository. In parallel, we programmed RELMA to show counts of local terms and institutions mapped to a particular LOINC term ( Figure 1 ) and the actual local test names and units of measure (Figure 2) .
The new information from the community mappings was made available to study participants as they used RELMA. We also built functions into RELMA that make it easy for users to contribute mappings they had completed back to the LOINC Community Repository. The new functionality was first released to the public with RELMA version 6.0 in December 2012, and we then began promoting it at meetings and presentations and on the website. 26 Since that time, the Community Mapping features have continued to be available in subsequent releases of the software (released every 6 months, in June and December).
Study Design
In the present study, we performed a four-part evaluation of LOINC community members' perceptions about the information provided by the LOINC Community Repository and how they used the new RELMA features. First, we conducted a pre-launch survey to capture perceptions of the LOINC community about the proposed functionality of those new features. Next, over the 1-year study period (all of 2013), we monitored how the new RELMA features and data provided by those features were accessed. Then, we conducted a follow-up survey of users who had volunteered to try the software's new features. Lastly, we analyzed the community mappings using automated methods to detect potential errors in the contributed mappings. This study was approved by the Institutional Review Board at Indiana University (Protocol #1206008989).
Pre-Launch Survey
Just prior to launching the new RELMA features, we conducted a convenience survey of LOINC community members, asking them for their perceptions of the proposed functionality of these new features. We invited all 3554 users on the LOINC mailing list to participate in the survey with an email that contained a link to our online questionnaire. Data were collected over a 1-month period between November 26 and December 31, 2012.
The study team designed the prelaunch survey and revised it based on pilot testing with volunteers from the LOINC Committee, a group of experts who advise Regenstrief on LOINC development. Survey respondents were asked about their role in mapping local test terms to LOINC terms, which software tools they used for mapping, their current perceptions of the RELMA program, and their opinions on the potential value of information about other institutions' mappings. The survey respondents' perceptions and opinions were assessed using a five-point Likert scale ranging from "Strongly Disagree" to "Strongly Agree."
We received survey responses from 182 members of the LOINC community. Survey respondents were eligible for our analysis if they were directly involved in mapping local terms to LOINC terms. Of the total respondents, 155 (85.2%) indicated they were directly involved in mapping efforts.
Usage Monitoring
After the launch of the new RELMA features, we monitored study participants' adoption of these features and their use of the new functionality for the entire study period. We used server log files and website statistics from Google Analytics to track how often RELMA was downloaded and how often study participants accessed RELMA's Community Mapping features. During the study period, new community mappings submitted to the LOINC team were collected, reviewed for conformance to our data format, and then added to the LOINC Community Repository.
Post-Launch Survey
At the end of the study period, we conducted a follow-up convenience survey of the study participants. We invited all 200 study participants to complete the survey via an email that contained a link to an online questionnaire. Fifty participants (25%) submitted responses to the questionnaire. Data were collected over a 3-month period (from October to December 2013).
The study team designed the post-launch survey and revised it based on pilot testing with volunteers from the LOINC Committee.
Respondents were asked about their role in mapping local test codes to LOINC codes, which software tools they used for mapping, and their current perceptions of the RELMA program with the new features that allow users to view detailed information about other institutions' mappings. The survey respondents' perceptions and opinions were assessed using a five-point Likert scale ranging from "Strongly Disagree" to "Strongly Agree."
Review of Community-Contributed Mappings
In addition to surveying community members and monitoring the use of the new RELMA features, we also analyzed the local test-to-LOINC mappings submitted to the LOINC Community Repository. Lin et al. 14 demonstrated that about 4% of mappings are not mapped to a correct LOINC term, even when the mappings are performed by expert mappers. Yet, because of the well-documented ambiguity in local test naming conventions, [12] [13] [14] 27 it was not possible for us to determine with certainty whether a given mapping was correct or not. For example, in the study by Lin et al., 14 64% of the local test names did not contain information about the specimen type. Thus, a thorough review of the mappings submitted to the Community Repository would require dialogue with the local laboratory personnel in order to validate missing information. Such a resource-intensive process was out of the scope of the current study. Therefore, our approach to validating LOINC mappings relied on automated tools.
As described in the software documentation, the RELMA program contains several safeguards to protect against assigning erroneous mappings. 28 Before adding any mapping contribution to the shared repository, files are checked for basic format consistency and to ensure that all LOINC identifiers are valid terms. Regenstrief has also developed a set of executable mapping validation rules. These rules are employed in production system environments at Regenstrief to flag semantic relationships that need further expert human review. These validation rules are not absolute, because there can be rare exceptions. For example, rules that check the local unit of measurement cannot account for all of the string variations that laboratories use. Although these validation rules are imperfect, we selected a subset of rules to use when analyzing the submitted community LOINC mappings for known quality issues. Table 1 lists the validation rules we selected for our analysis.
RESULTS
Pre-Launch Survey
Many of the pre-launch survey respondents were relatively new LOINC mappers. Of the 155 survey respondents, almost half had been involved in mapping for <1 year (48%, n ¼ 74), a third had been mapping for 1-5 years (33%, n ¼ 51), and relatively few had been mapping for > 5 years (19%, n ¼ 30). About half of respondents indicated that their highest level of education was bachelor's degree (47%, n ¼ 73), with fewer having a master's degree (25%, n ¼ 39) or a doctorate degree (14%, n ¼ 21). The most prevalent professional credentials held by the survey respondents were medical technologist or biomedical scientist (41%, n ¼ 64) and the American Society for Clinical Pathology certification (27%, n ¼ 41). Table 2 summarizes the responses to questions on the pre-launch survey regarding the existing RELMA software and the potential usefulness of information about other institutions' mappings. All survey respondents (n ¼ 155) answered the question regarding their current use of RELMA. Of those respondents that were eligible to answer the questions about RELMA and the proposed functionality of the software's new features (n ¼ 125), 116 (92.8%) answered questions about the existing RELMA software and 98 (78.4%) completed questions about the proposed functionality of the new features.
Overall, the survey respondents gave a positive assessment of the existing RELMA software, with more than three quarters of the respondents (n ¼ 91) indicating that it provided the information they needed Discouraged LOINC Local terms should not be mapped to a LOINC term that has a status of "discouraged" Property/units mismatch The local units of measurement should be consistent with the property of the LOINC term it is mapped to. For example, a test with units of "mcg/24 h" should be mapped to a term with a property of mass rate (MRat).
Scale/units mismatch
The local units of measurement should be consistent with the scale of the LOINC term it is mapped to. For example, a test with units should be mapped to a quantitative LOINC term, not an ordinal term.
Concentration missing denominator
If the LOINC term in a mapping represents a concentration, the units of measurement for the local term should contain a denominator.
Some of the local test records submitted to the LOINC Community Repository contained more than one unit of measurement. For the purposes of our evaluation, we treated each test code and unit of measurement pair as a record. Thus, the total number of mappings evaluated was 102 579, which is slightly higher than the number of distinct local codes.
RESEARCH AND APPLICATIONS
Vreeman DJ, et al. J Am Med Inform Assoc 2015;0:1-7. doi:10.1093/jamia/ocv098, Research and Applications to map local terms to LOINC terms. Despite the survey respondents' general satisfaction with RELMA, nearly 80% (n ¼ 76) also indicated that having information on how often other users had mapped to a particular LOINC term would be helpful. A slightly lower percentage (71%, n ¼ 68) of the survey respondents indicated that detailed information (eg, local test name, units of measurement) from other organizations' mappings would be helpful.
Usage Monitoring
During the 12 months of our study period that RELMA was available with the Community Mapping features, the software was downloaded 10 617 times. At the close of the study period, 200 study participants from 15 countries had consented and were eligible to access the Community Mapping features in RELMA. Each time participants started the RELMA program, they were asked to log in, and, once logged in, their session continued until they exited the program. During the study period, the 200 study participants logged into the Community Mapping features of RELMA an average of 610 times per month (a total of 7235 times, for all users). The average number of times a user logged into the Community Mapping features during the study period was 40 (range ¼ 1-475). While using RELMA, study participants viewed the mapping detail pages (which showed the local test terms mapped to a particular LOINC term) a combined total of 6686 times. When looking at these detail pages, users spent an average of 3.1 min on each page. This is slightly longer than the average time of 2.5 min per page that these users spent reviewing the main details pages for LOINC terms (which showed the LOINC term display names, definition, etc., but not the mappings of local terms).
Since launching the initial LOINC Community Repository, we have received eight additional submissions of local tests mapped to LOINC. There are now 35 local institution mapping files in the repository, containing 102 484 local term-to-LOINC term mappings. The mapping files range in size from 105 to over 25 700 local terms mapped to LOINC terms.
Post-Launch Survey
Similar to our pre-launch survey, respondents to our post-launch survey were relatively novice LOINC mappers. Of the 50 post-launch survey respondents, 44% (n ¼ 22) had been involved in mapping for < 1 year, 29% (n ¼ 16) had been mapping for 1-5 years, and 20% (n ¼ 10) had been mapping for > 5 years. Post-launch survey respondents were largely educated at the bachelor's degree (40%, n ¼ 19) or master's degree (38%, n ¼ 18) levels. A lower percentage of respondents had a doctorate degree (15%, n ¼ 7) or an associate's degree (6%, n ¼ 3). The most common professional credential held by respondents was medical technologist or biomedical scientist (60%, n ¼ 29).
Of those post-launch survey respondents who used the RELMA program for mapping and viewed the Community Mapping features (n ¼ 18), all indicated that these features were useful. Similarly, those respondents who reviewed the detailed information about each local term mapped to a LOINC term unanimously (n ¼ 18) agreed that this information was useful. Likewise, almost all of this group of survey respondents (n ¼ 17) indicated that the information about others institutions' mappings influenced their own mapping choices. One respondent indicated that they were unsure whether the Community Mapping features were useful.
Review of Community-Contributed Mappings
Overall, 95.3% of the mappings submitted to the LOINC Community Repository passed our automated validation checks. Across those institutions that provide data to the repository, the percentage of mappings that passed all of our automated quality checks ranged from 67%-100%. Table 3 presents the number of mappings with issues that were detected by our automated rules. The most frequent potential problem we detected was a mismatch between the property of the LOINC term chosen and the units of measurement associated with the local term.
For example, a local term for measuring a plasma lactate level was mapped to the LOINC term Lactate [Mass/volume] in Serum or Plasma (14118-4) . Because the units of measurement associated with this local term were millimoles per liter, this mapping was flagged as having a mismatch between the property of the LOINC term and the local units. If the reporting units are correct (which we suspect they are), then this local term should have been mapped to the LOINC term Lactate [Moles/volume] in Serum or Plasma (2524-7).
DISCUSSION
We developed, launched, and evaluated enhancements to the RELMA mapping program that enable access to information about mappings from other institutions. A modest, but adequate and representative, sample of the LOINC community provided early input on the need for 
Information on the number of organizations that have previously mapped a particular LOINC to a local data dictionary concept would be useful. and usefulness of the information. Overall, these community members felt that having access to information about other institutions' mappings would aid their own mapping efforts. The majority of the community members we heard from indicated that knowing how often other users had mapped to a particular LOINC term and detailed information such as local test name and units of measurements from other organizations' mappings would be useful. After such information was made available, the smaller set of users who accessed it and responded to our post-launch survey unanimously agreed that it was useful. Furthermore, nearly all of these users indicated that the information on others' mappings informed their own mapping choices. Our findings suggest that a crowd-sourced repository of mappings is valuable to users who are mapping local terms to LOINC terms. National health information technology policies in the United States are exerting pressure to get mappings from local laboratory terms to LOINC terms in place quickly. 5 In 2012 and 2013, while we were preparing and conducting this study, the number of registered LOINC users grew by more than 14 000. We anticipate that this pressure will continue under the activities outlined in the 2015-2020 Federal Health IT Strategic Plan 29 and Meaningful Use Stage 3. However, mapping is a complex, time-consuming, and often expensive process. Our results indicate that study participants found the new RELMA features and crowd-sourced repository of mappings helpful and used them regularly. Moreover, nearly half of respondents to each of the surveys we conducted were new to mapping (<1 year), suggesting that the new RELMA features address the information needs of those entering the LOINC community in response to health information technology policies.
Based on previous work with expert LOINC mappers, 14 we expected a higher error rate in the mappings collected from the broader LOINC community. However, we observed that just 5% of local term mappings might have problems, as detected by our automated checks. This error rate is very close to the 4% error rate among mappings performed by experts. We did not conduct a manual review of the community-supplied mappings, so it is probable that the true error rate of these mappings is higher. Nevertheless, our findings suggest that the Community Repository is of sufficient quality to inform new LOINC mappings.
While our study was focused on crowd-sourced mappings to LOINC, we hypothesize that our findings would apply to the use of other standard vocabularies, such as Systematized Nomenclature of Medicine -Clinical Terms (SNOMED CT). Tools and techniques that reduce the burden of mapping may help move the nation more quickly towards the goal of interoperable health data exchange.
Our study has some limitations. We did not assess mapping quality or efficiency with a controlled trial of the Community Mapping features. Our observations are instead based on usage data and survey responses, which limits our ability to draw definitive conclusions about whether these features will result in better or faster mappings. Rigorous methods are preferable, yet it is not always possible to conduct controlled studies. Because LOINC and RELMA are funded and released publicly, it is difficult to withhold functionality from some users, as would be necessary in such a trial. Furthermore, we were unable to explore negative survey responses. Although there were only a few negative responses (4-5 respondents), negative views can yield valuable insights. The surveys we conducted did ask open-ended questions, which only a few respondents utilized. For example, in the post-launch survey, when asked what enhancements would better support mapping local terms to LOINC, one respondent answered "Being able to clone ourselves." While illustrative of the inherent challenges of mapping, more constructive criticism from dissenting respondents would have been valuable.
The value of the LOINC Community Repository depends on its size and the representativeness of its contents. We optimistically expected to receive contributions from more institutions than we actually did during the study. Several members of the LOINC community who initially indicated that their organization could likely contribute mappings were ultimately unable to do so, despite several prompts from the LOINC team. Common reasons given by institutions for their lack of participation included: 1) they lacked the resources to extract the mappings, 2) they could not get organizational approval to release the mappings publicly, and 3) they did not consider their mappings "finalized." Hesitation to contribute mappings to the repository remains an ongoing challenge that could limit the long-term sustainability of the repository. We can appreciate the social-, political-, and business-related barriers to sharing mappings. Despite these barriers, we would advocate that such mappings should be viewed not as proprietary knowledge, but rather as open data that could help the clinical field reach the goal of ubiquitous and interoperable health information exchange more readily.
Because of this study's early findings, the Regenstrief LOINC team decided to continue making the new RELMA features available to the LOINC community. The current version of RELMA contains the Community Mapping features and is available at no cost from the LOINC website (http://loinc.org). In addition, Regenstrief continues to welcome and support additional contributions of mappings to the Community Mapping repository.
CONCLUSION
Reducing the effort required to accurately map local terms to LOINC might accelerate interoperable health information exchange. We evaluated LOINC community members' perceptions about new features in RELMA that made available the "wisdom of the crowd" in regards to mapping local terms to LOINC terms and analyzed how members used the these new features. When information about other institutions' mappings was made available, study participants who accessed it considered it to be useful and reported that it informed their own mapping choices. Our findings suggest that a crowd-sourced repository of mappings is valuable to users who are mapping local terms to LOINC terms. 
